Abstract A one-dimensional fluid model is adopted to simulate the characteristics of N2, O2, and N2/O2 dual-frequency (DF) capacitively coupled plasmas (CCPs) under typical conditions in PECVD technologies. Not only the ground, the excited states but also the vibration levels of the main species are considered. The study focuses on the influence of external parameters such as matching of the high-frequency (HF) and low-frequency (LF), HF and LF of the voltage sources, as well as discharge pressures, on physical characteristics of discharges. The results show that the decoupling of the two sources is possible by increasing the applied HF, the electron density and ion flux are determined only by the HF of the voltage source, whereas the LF has a little influence on the plasma characteristics. In addition, the matching of frequency affects the characteristics of discharges to some extent. Furthermore, the pressure is a main external parameter affecting the characteristics of discharges, and a small amount of oxygen in N2 plasma can efficiently increase N + 2 ion flux incident onto the electrode and the density of N atom.
1 Introduction N 2 , O 2 and their mixture discharges have been the subject of many studies due to their importance in etching of film, ashing of photoresist, deposition of thinfilm and other surface treatments of various materials. In recent years, there has been a strong interest in the formation of SiO x N y thin film which is developed from SiO 2 films and possesses a high dielectric constant, a low gate leakage and a high breakdown voltage. The key technique from SiO 2 to SiO x N y films is the introduction of nitrogen into SiO 2 . There are many methods for the nitrogen introduction, such as thermal NH 3 nitridation, N 2 -O 2 -Ar electron cyclotron resonance plasma oxynitridation, N 2 /O 2 magnetron sputtering technology, plasma enhanced chemical vapor deposition (PECVD), and so on. As a result, studies of nitrogen discharges are very important because they are the foundation for understanding the formation of SiO x N y thin-films. However, so far the kinetics of N 2 , O 2 and their mixture discharges is not yet completely understood. Although there are some previous work about the N 2 [1] , O 2 [2] , and N 2 /O 2 gas mixture [3, 4] discharges, they focused on microwave [3] and atmospheric pressure discharges [4] . On the other hand, because the uniformity in etching and deposition applications is a critical issue, CCPs have been favored. In order to realize independent control of the ion flux and ion bombardment energy, which is important for etching and deposition processes, currently, traditional capacitive reactors with a single frequency (13.56 MHz) source have been developed to DF CCPs operated by two distinct power sources. Theoretically and experimentally, Ar, Ar/CF 4 and other mixture of Ar in DF reactors have been investigated in recent years. The studies show that the plasma density is predominantly determined by the HF source while the ion energy bombarding the substrate is determined by the LF source [5] . However, to date, few fundamental investigations on N 2 , O 2 and their mixture DF discharges have been performed. Thus, this paper focuses on the simulation of DF CCP for N 2 , O 2 , and N 2 /5%O 2 discharges.
Fluid model
In this paper, an axial symmetric cylindrical discharge chamber is considered which includes two coaxial circular electrodes that are paralleled with a spacing of 2.54 cm. The upper electrode is loaded with a HF voltage source and the lower one with a LF voltage source. The metal sidewall is a ground electrode. The radii of chamber and powered electrode are 21.56 cm and 15.24 cm respectively. As the radial dimension is * supported by National Natural Science Foundation of China (Nos. 11335004 and 11375040) and the Important National Science and Technology Specific Project (No. 2011ZX02403-001) much larger than the axial dimension, we can assume a uniform distribution in the radial dimension, thus use a one-dimensional fluid model to study the evolution of physical parameters in the axial dimension.
The collisions and reactions among particles in the discharges of N 2 -O 2 mixtures are very complicated, producing a great diversity of species. Some simplifications have been made in the paper and the following species are considered: species in the vibration levels D) . As a compensation, the rate of R12 takes account of the total dissociation cross section for the oxygen atoms, i.e., O( 3 P) and O( 1 D, 1 S). Similarly, the rate of R42 takes account of the total excitation cross section for N 2 (A) in all vibration levels. Here, the energy thresholds of electron-impact excitation for N 2 
, v > 10) are 6.17 eV, 7.0 eV and 7.8 eV respectively. N 2 (A) serves as a energy-store-and-transfer device in the process of discharge. N 2 (A) can excite the molecules of ground state to higher energy state via collisions with ground state molecules. In the discharge conditions, the Penning ionizations R46 and R47, relative to the direct ionization R41, are trifling and insignificant, so the original ion N + 4 in R46 and R47 is replaced with N + 2 and N 2 , thus being neglected. We assume that the background molecules N 2 (X) and O 2 (X) are uniformly distributed, and that electron energy distribution is Maxwellian distribution. The ions and neutral particles often have the same temperature because their collisions, both elastic and inelastic, being about strong momentum and energy exchanges. Thus, the temperature of ions and neutral particles is assumed to be 150
• C. The reactions and rate coefficients for the N 2 -O 2 discharge included in this paper are listed in Table 1.
Ion equations
As to the complicated reactions between the electrons, ions, radicals and background gases, important chemical reactions are considered and listed in Table 1 including ionization, recombination, attachment, detachment and other reactions. Each type of charged particles is obtained by solving a set of fluid equations which consist of the continuity equation, momentum balance equation and energy balance equation [16] . The continuity equation can be written as
where n i , u i , m i , P i , q i , and T i are the density, velocity, mass, pressure, charge, and temperature of the ion respectively, l r,i is the number of the ion created or lost per collision or reaction, k r is the rate coefficient of reaction, n r1 and n r2 represent the densities of the two particles involved in the reaction, E is the electric field, k is the Boltzmann constant, and m β is the mass of the neutral species β. Here
is the ion-neutral molecule momentum transfer frequency, and σ iβ is the corresponding momentum transfer cross section (see Table 2 ). For the ions that we can not obtain their momentum transfer cross section with N 2 and O 2 , we use drift-diffusion approximation. Thus, Eq. (2) is replaced by:
where E eff i is the effective field, which is determined from the electric field E by ∂E 
Electron equations
The electron behavior is governed by the equation of continuity and energy conservation [16] ,
∂ ∂t
where Γ e is the electron flux, q e is the electron energy flux, and W e is the electron energy loss term. The three terms are given by:
W e = r ε r k r n e n r2 , [1] [1] where n e , u e , m e , e, T e are the density, velocity, mass, charge, temperature of electron respectively, υ en = n O2 k el:e-O2 +n N2 k el:e-N2 is the electron-neutral molecule elastic collision frequency, where n O2 , n N2 , k el:e-O2 , and k el:e-N2 are O 2 density, N 2 density, e-O 2 , and e-N 2 elastic collision momentum transfer rate coefficients in cm 3 s −1 . And ε r is the electron energy lost per collision. 
Neutral equation
We solve the continuity equation for the neutral species
which are created via collisions and reactions in the discharge,
where n n and D n are the density and the diffusion coefficient of neutral species, respectively.
Electric filed equations
We neglect the electromagnetic effect in the CCP, and substitute electrostatic field equations for Maxwellian electromagnetic ones:
where V is the spatial potential, n + and n − are the densities of positive and negative ions. The electric field is given by
Boundary conditions
Similar to Ref. [19] , the boundary conditions of negative ion and electron are listed in Table 3 , where Θ is the electron reflection coefficient with the wall. The boundary conditions of positive ions, neutral species, and potential are given by ∂n + /∂z = 0, ∂u + /∂z = 0, ∂n n /∂z = 0, and ∂V /∂z = 0, respectively.
Calculation of coefficients
Most of the rate coefficients can be obtained directly from the literatures [1,6,7,9−12] , others are calculated by corresponding electron cross sections assuming the Maxwellian electron energy distribution and fitted over an electron temperature range of 1-6 eV (see Table 1 ).
The ion mobility of ion i in background neutral j (in m 2 ·V −1 ·s −1 ) is calculated using the low E-field Langevin mobility expression [20] :
where m r = m i m j /(m i + m j ) is reduced mass in amu, α j is the polarizability of the gas molecule j inÅ 3 , T gas is the gas temperature in Kelvin, and P tot is the total gas pressure in Pa. The ion mobility µ i in the background gas mixture is obtained by use of Blancs law:
The ion diffusion coefficient can be derived from the ion mobility via the Einstein relationship:
The diffusion coefficient D ij (m 2 ·s −1 ) of a neutral molecule i in a background mixture of O 2 and N 2 gas is obtained by first determining the separate diffusion coefficients in each of the background gases j (O 2 and N 2 ) from the classical expression for binary collisions:
where σ ij is the binary collision diameter inÅ, Ω D (T * ) is diffusion collision integral with (T * ) = kT /ε ij and ε ij = √ ε i ε j , the Lennard-Jones parameters ε i and ε j are in eV and obtained from Ref. [21] . Thus, the diffusion coefficient D i of neutral species i in the background gas mixture can then be obtained by Blancs law. The effective loss rate coefficient due to collision with reactor walls for species i is given by:
where V = 2πR 2 d and A = 2πR 2 +2πRd are the volume and surface area of discharge chamber, respectively. And Λ i = (π/d) 2 + (2.405/R) 2 −0.5 is the effective diffusion length of neutral species i, u i = (8kT gas /πm i ) is the thermal velocity, γ i is the sticking coefficient for neutral species i [21] . Here γ i of O, N, O 2 and N 2 in excited state are 0.17, 0.17, 0.007, and 0.007, respectively [22] . In this paper, flux correction transport (flux corrected transport FCT) algorithm [23] is adopted to calculate the ion continuity Eq. (1) and the ion momentum Eq. (2). The upwind scheme is used for the discretization of the ion flux Eq. (5). For calculating the electron continuity Eq. (6) and electron energy conservation Eq. (7), the second order implicit Runge-Kutta method [24] is used. The electron flux Eq. (8) is the discretized by the average speed scheme [25] . A explicit forward difference scheme is adopted to solve the neutral particle continuity Eq. (11) . For the calculation Table 3 . Boundary conditions for negative ion and electron ( Θ=0.25 )
Species
Boundary conditions
Negative ion plasmas at lower electrode are proportional to the pressure, the reason is that the number of particles and the collision frequency between particles increase with increasing pressure, improving the ionization rate. Also, it is found from Fig. 1 that an increase of O 2 in the N 2 gas leads to a large increase of N + 2 ion flow incident onto the electrode, which is due to the same reason as mentioned above that the ionization threshold energy of O 2 is lower than that of N 2 . Another reason is that adding O 2 into N 2 will produce more electrons than before (it can also be seen from Fig. 4) , at the same time the electron temperature is increased (Fig. 2) , so that through the reactions such as R41 and R44-47, the density of N + 2 increases, while the consumption reactions of N + 2 , such as R53, 68-71, and R79, have smaller reactive coefficients or lower particle concentration than those in N + 2 increasing reactions. Therefore, N + 2 ion density in the N 2 /O 2 discharge is larger than that in the N 2 discharge. On the other hand, since the main factor affecting the speed of the ions hitting the electrode is the pressure, while the concentration of the gas component has little influence on the ion velocity, and thus the ion velocity is almost unchanged when one changes the gas component and keeps the density constant. Overall, adding O 2 in N 2 will improve the N + 2 ion flux obviously. In addition, as the pressure increases in a range of 0.1-0.6 Torr, the N + 2 ion flux in the N 2 discharge, first decreases and then increases with the inflexion located at about 0.4 Torr, while the N + 2 ion flux in the N 2 /O 2 discharge declines slightly, this may be due to the non-linear relationship between the pressure and the electron temperature (i.e. the reaction coefficient). Therefore, the phenomenon may be a synergic result of the reactions, such as R40, R41, R44-47, R53, and R61, etc. Other parameters are the same as in Fig. 1 In Fig. 2 , the electron temperature is displayed for three kinds of gas discharge at the frequency matching of 13.56/2 MHz and 27.12/2 MHz, and pressure 0.2 Torr. It is shown that large positive peak appears in the vicinity of the sheath-plasma interface region with relatively low value in the bulk plasma because the electrons are trapped in the vicinity of sheath-plasma interface and accelerated by the electric field in the sheath. Also, because the ionization ability of O 2 (12.06 eV) is stronger than that of N 2 (15.6 eV), and the loss of electron energy mainly results from e-N 2 excitation, especially the vibrational excitation, thus the average electron temperature in the bulk plasma is very small in the O 2 discharges compared with the N 2 and N 2 /O 2 discharges. At the same time, it is clear that in the case of the 27.12/2 MHz matching, the electron temperature is higher, the sheath thickness is thinner, the discharge area becomes larger than those in the 13.56/2 MHz matching, which is because the high frequency sheath electric field can not repel the electrons too far compared to the low frequency electric field in the sheath, resulting in a smaller sheath thickness. On the other hand, under the same amplitude of applied voltage condition, the thinner sheath results in a bigger voltage drop across the sheath, i.e. the larger electric field in the sheath, therefore, the electron temperature is higher near the sheath for the higher frequency matching.
The time-average density of N, O, and NO versus the gas pressure at the center of reactor for the frequency matching of 13.56/2 MHz and 27.12/2 MHz (the density of O in the O 2 discharge is multiplied by 0.1) is shown in Fig. 3 . It is clear that the densities of neutral species are proportional to pressure due to the increased molecule number. Moreover, the 5% O 2 component in N 2 increases the density of neutral species N and the N + 2 ion flux (see Fig. 1 ). This is because the ionization ability of O 2 is much stronger than that of N 2 , the addition of O 2 into N 2 can produce more electrons (see Fig. 4 ), increase reaction zone (see Fig. 2) , and thus the reactions such as R54, 64 are enhanced. For the 27.12/2 MHz matching, a variety of ion density increase due to the higher electron temperature compared with that at the frequency matching of 13.56/2 MHz.
Making comparison between Fig. 1(a) and (b) , Fig. 2(a) and (b), and Fig. 3(a) and (b), it is observed that the ratio of HF to LF has a influence on the plasma characterizes to some extent. The quantities of the ion flux and density of neutral species at 27.12/2 MHz are almost twice as many as those at 13.56/2 MHz, which can be further verified by the following results, such as Fig. 4(a) and Fig. 5(a) . 
Effects of HF and LF
The HF and LF dependence of the electron density and ion flux is shown in Figs. 4 and 5. The density of ion O − in O 2 plasma versus the HF is displayed in Fig. 6 . It is observed from Figs. 4(a), 5(a) and 6 that the electron density, ion flux and ion density increase with increasing HF of the voltage source. The reason is that the increase of the HF directly results in much more numbers of electron-neutral collision. The other reason is that the increase of the HF can decrease the sheath thickness as shown in Fig. 6 , causing a bigger electric field in the sheath. However, the LF of the voltage source has a slight influence on the electron density and ion flux in the frequency range we considered, as shown in Figs. 4(b) and 5(b) , the reason for this is that the LF has little effect on the collision frequency of particles and the sheath thickness. This indicates that decoupling is possible under the discharge parameters we considered. Also, we can see from Fig. 6 that the z-axial profile of O − density extends towards two electrodes and the maximum values of density increases as the high frequency increases. Even so, electrons are still the dominant negative particles because the density of the electron is much larger than that of ion O − , which can be seen by comparing Fig. 6 with Fig. 4 . 
Conclusions
A one-dimensional DF fluid model has been developed for investigating the discharges of N 2 , O 2 and their mixtures, in which main chemical reactions have been considered. The effects of the HF/LF matching and pressure on the discharge parameters, such as electron temperature, ion flux and neutral species, have been studied. Furthermore, the HF and LF dependence of the electron density, ion flux and so on are simulated. It has been shown from the numerical results that different matching of frequency would affect the characteristics of discharges. At the frequency matching value of 27.12/2 MHz, the ion flux, neutral species and electron temperature are larger than those at the frequency matching value of 13.56/2 MHz, with a smaller sheath thickness. Besides, the mean fluxes of positive ions except for N + 2 in the N 2 discharge at the lower electrode are proportional to pressure, whereas the mean N + 2 flux in N 2 /O 2 plasma does not increase obviously even decreases somehow as the pressure increases. Also, the densities of neutral species are proportional to pressure. We have further found that the effect of high frequency on plasma parameters is strong, even decisive, increasing HF can obviously increase the density of ion and neutral species. However, the effect of LF on the parameters of the discharges is very weak. It can also be found that incorporation of a small amount of oxygen with N 2 can improve N + 2 ion flux arriving at the lowfrequency electrode and the density of N atom at the center of reactor.
The ion energy and angle distribution on the substrate are significant physical parameters in deposition applications, thus we will extend the present paper to simulate them with the Monte-Carlo method. On the other hand, the discharge of the mixture of SiH 4 , N 2 and other species are usually used in rf discharges for the deposition of SiO x N y thin film. In the future, we will extend the present paper to study the characteristics of SiH 4 -N 2 -O 2 discharges.
